ABSTRACT PURPOSE: To analyze the long-term corneal topographic changes 4 years after myopic photorefractive keratectomy (PRK).
T he main concerns in all types of surgery are the longterm safety and stability of the postoperative results. In laser refractive surgery, in the early 1990s, questions about stability were fi rst raised in experimental settings 1 and then in clinical studies. 2 Therefore, many clinical studies have assessed the long-term safety, effi cacy, and predictability for surface and lamellar procedures. 3 It has been suggested to limit the myopic correction range to a maximum of Ϫ10.0 diopters (D), in rare cases higher, because of poor quality of vision, fairly low predictability of the refractive result in eyes with high myopia, and the risk of inducing corneal ectasia. [4] [5] [6] [7] With regard to photorefractive keratectomy (PRK), the literature is extensive on the long-term effects of this laser surgery. [8] [9] [10] [11] [12] [13] Studies have mainly presented data regarding the time course of changes in the refraction or visual acuity and the relationship between the amount of refractive regression and the changes of the central corneal power. Many authors have reported, as a common occurrence after PRK, a mean early postoperative refractive regression of Ϫ0.50 D during the fi rst year after treatment and a slow myopic regression for up to 8 years of follow-up. [14] [15] [16] [17] [18] However, aside from the role of the anterior 19 and posterior corneal curvatures, 20 the refraction of the eye optics may depend on more variables such as age-related changes of the lens and vitreous. [21] [22] [23] Because the laser ablation reshapes the corneal tissue that showed mechanical response to a change in its structure 24, 25 and considering the expected longevity of patients undergoing refractive procedures, it is a main point of interest to investigate whether progressive remodeling of the cornea occurs in the years following refractive surgery.
Previous studies [26] [27] [28] have quantitatively investigated the corneal topographic changes, demonstrating a continuous remod-Corneal Changes 4 Years After PRK/Lombardo et al eling of the anterior corneal surface 1 year after PRK. A posterior forward shift of the cornea was also determined in relation to the amount of ablation up to 1 year after PRK, 20, 29, 30 suggesting a depth-varying mechanical response of the cornea to the surface ablative procedures. 31 At present, no structured long-term regional quantitative analysis of the corneal topography after surface ablation surgery is available. The aim of the present study was to extend the knowledge of the long-term corneal response after PRK, analyzing the anterior corneal changes that occurred in 30 eyes up to 4 years after surgery.
PATIENTS AND METHODS
Thirty eyes of 15 patients (4 men and 11 women) operated on with PRK for myopia between January and February 2000 were enrolled in this prospective study. Mean patient age was 33.63Ϯ5.24 years (range: 27 to 41 years). The inclusion criteria were patient age у21 years and at least 1 year of refractive stability, a preoperative spheroequivalent manifest refraction from Ϫ2.0 to Ϫ9.0 D, and manifest refractive cylinder Ͻ1.50 D; the exclusion criteria were previous ocular surgery or any ocular pathology. The eyes were subdivided into three groups depending on the spherical equivalent refraction: low myopia group (10 eyes; range: Ϫ2.0 to Ϫ3.6 D), moderate myopia group (10 eyes; range: Ϫ3.7 to Ϫ5.6 D), and high myopia group (10 eyes; range: Ϫ5.7 to Ϫ9.0 D).
All surgeries were performed by one surgeon (S.S.). The PRK procedure was performed with a Technolas Keracor 217C excimer laser (Bausch & Lomb, Dornach, Germany) with a 6-mm optical zone and a 9-mm transition zone. This was followed by a phototherapeutic keratectomy (PTK) (using a viscous masking 0.25% sodium hyaluronate solution: smoothing technique) at the end of the procedure, as described previously. 32 All patients signed an informed consent explaining the nature of the procedure. Institutional review board approval was not required for this study.
All patients completed ocular evaluation pre-and postoperatively, including corneal topography (Keratron Scout; Optikon 2000, Rome, Italy). 33 The followup protocol included examinations at 1 and 4 years postoperatively. A series of three maps was required for each temporal interval to assess the reliability of corneal topography acquisition.
The Keratron software exports the topographic measurements (distance, axial, curvature, and elevation data) computed from 28 rings and 256 meridians for a maximum area of analysis of 5.0-mm radius for each patient's eye. The pre-and postoperative topographic data were imported to a customized software written in MatLab (software version 6.5, MatLab; The MathWorks Inc, Natick, Mass). We used the MatLab graphics library, as well as a code from its basic function suite (griddata function), to interpolate the irregularly sampled raw cornea data geometry to the regularly spaced referenced cornea grid. 34 To process these data correctly, it was necessary to interpolate, for each patient's eye, the curvature and elevation maps raw data to a regularly spaced referenced cornea grid, with respect to the reference axis of topography, thus eliminating the dependents among the single topographies. The reference cornea grid had 300 meridians and 100 rings, all equally spaced. Therefore, the mathematical algorithm software computed the average tangential curvature map and the average elevation map for each study group pre-and postoperatively, with respect to the reference axis. 27 The average differences in the maps obtained at 1 and 4 years postoperatively as well as preoperatively were also calculated. For the elevation maps, the pre-and postoperative surfaces were fi t tangentially to the apex. Any tilts between the corneal elevations were avoided by aligning the data with one another. Interpolation to the same spaced referenced cornea grid was necessary for this purpose. A "fi xed" color scale, visually similar to that used in current videokeratography instruments, was developed for rapid and easy interpretation.
The corneal reference frame was divided into three concentric regions for analysis: the central zone with a radius of 2.0 mm from the corneal apex, the middle zone with a radius of Ͼ2.0 to 2.5 mm, and the peripheral zone with a radius of 4.0 mm from the apex (Fig 1) . This was done to separately analyze the central and peripheral zones of the front surface of the cornea. The custom software performed subsequent data analysis: the mean curvature valuesϮstandard deviation of each analyzed zone were computed for all study groups. The average difference between the preoperative and the two successive postoperative curvature values, or between early postoperative and late postoperative values, were also calculated for each corneal zone.
The reproducibility and accuracy of the topographic map reconstructions performed by the software were tested using an artifi cial spherical cornea provided by the manufacturer and calculated from fi ve independent measurements. Average reproducibility was Ϯ0.11 D for a sphere of 43.40 D, which was similar to that achieved by the videokeratoscope itself, ie, Ϯ0.12 D. 33 Multivariate analysis of variance for repeated measurements was used to compare the pre-and postoperative corneal topographic data. Paired Student t test was performed to evaluate the signifi cance of the postoperative spherical equivalent refraction changes between 1-and 4-year follow-up. A P value Ͻ.05 was considered statistically signifi cant for all tests performed.
Safety and effi cacy indices were calculated as the ratios between the 4-year postoperative BSCVA and the preoperative BSCVA and the 4-year postoperative UCVA and the preoperative BSCVA, respectively.
RESULTS
The 4-year follow-up data confi rmed that all procedures were safe and effective with a safety index of 1.09 in the low myopia group, 1.13 in the moderate myopia group, and 1.13 in the high myopia group. In the low spherical ablation group, effi cacy index was 1.08 versus 1.08 in the moderate spherical group and 0.97 in the high spherical ablation group. Table 1 represents the spheroequivalent refraction for each study group during follow-up. A statistically signifi cant myopic refractive regression was noted between 1 and 4 years postoperatively in all groups (PϽ.05). Furthermore, this myopic regression was greater than the physiologic age-related shift observed in a normal, adult population with the same myopic degree and age. 35 The preoperative analysis of the average corneal topography showed that the high myopia group presented a steeper average curvature value in the central (PϽ.05) as well as in the peripheral zones (PϽ.001) of the cornea compared with the other two study groups (Table 2) , as previously described. 36 At the 1-year postoperative examination, the central fl attening and the peripheral steepening, as expected, were well correlated with the degree to which the refractive error was corrected (PϽ.001). The decrease in the curvature values of the middle zone was not statistically signifi cant compared to the preoperative state (PϾ.05); however, the degree of fl attening in this zone was signifi cantly related to the amount of refractive correction (PϽ.001). Figure 2 shows the computation performed by the custom software on averaging the topographic data from the right and left eyes of the moderate myopia group up to the fi rst year after surgery.
At the end of the follow-up, we found the topography confi guration to change in each analyzed corneal zone with respect to the 1-year examination for all study groups. Table 2 summarizes the average topographic values for each corneal zone in the three study groups both pre-and postoperatively. The central zone steepened between 1-and 4-year follow-up in all study groups (PϽ.001). Furthermore, the degree of myopia correction infl uenced the peripheral remodeling over the postoperative follow-up period (PϽ.001). The high myopia group showed a decrease in the tangential curvature of the corneal periphery, whereas in the moderate myopia group, no changes were noted, and in the low myopia group, a steepening of the peripheral zone compared to the 1-year examination was noted. Moreover, the depth of ablation signifi cantly infl uenced the remodeling of the middle zone between groups (PϽ.001) with an increase in the Corneal Changes 4 Years After PRK/Lombardo et al tangential curvature for the lower ablations and a slight decrease for the deeper ablations during the postoperative period. The mean differences between the postoperative and preoperative corneal topographies of the study groups are summarized in Table 3 . Figure 3 represents the average composite maps of the right and left eyes before surgery as well as at each postoperative examination for the high myopia group. Figures 4 and 5 depict the average tangential difference maps for the low and high myopia groups during the follow-up period.
DISCUSSION
Despite numerous follow-up studies on the incidence of refractive regression and other complications after laser ablation, little attention has been paid to the long-term effects of laser refractive surgery on corneal surface remodeling. In this study, we developed the average tangential corneal topography maps and the difference maps including data from a total of 30 eyes and used these to demonstrate that anterior corneal curvature continues to remodel up to 4 years after On the other hand, the corneal periphery showed a signifi cantly different response with regard to the amount of refractive error treated. A peripheral fl attening of the cornea was shown to be related to deeper ablations whereas the lower myopic ablations presented a peripheral steepening during the postoperative period. Although it is diffi cult to pinpoint a specifi c mechanism for the observed differences in the remodeling of the corneal surface according to the amount of myopic correction, several possible explanations are based on the regional mechanical properties of the corneal tissue. Wound healing may also play a main role.
Potential causes for the steepening of the anterior corneal surface include both epithelial or stromal sources. The anterior surface of the cornea is subject to continuous remodeling in response to the tear fi lm as well as the eyelid shearing forces; therefore, changes in the anterior corneal elevation may mask the effective biomechanical stromal changes after PRK. 37 However, compensatory epithelial hyperplasia is one mechanism shown to infl uence the anterior corneal curvature and to contribute to the regression of refractive effect after PRK. 38 In our series, we performed a 6-mm ablation zone, which has been demonstrated to play an important role in determining the degree of epithelial healing with less hyperplasia compared to narrower optical zones. [39] [40] [41] It is well known that the stroma dominates the mechanical response of the cornea to injury. Furthermore, it has been shown that the stromal remodeling 42, 43 and the mechanical properties of the ablated stroma 24, 25, 44 may infl uence the central corneal steepening after surgical procedures. The mechanical properties of the cornea are strongly dependent on the stromal architecture. The microstructural organization of the human cornea has been investigated by many authors who reported regional differences in the histology and biomechanics of the corneal tissue. [45] [46] [47] [48] In the native human cornea, the anterior central stromal lamellae appear to be more closely packed than other regions of the cornea 49 with high stiffness and maintenance of the corneal strength and hence curvature. After removing some of the anterior layers of the stroma by ablation, intact posterior lamellae have to hold the central corneal shape. However, the deeper stroma were shown to have less strength and less resistance to swelling compared to anterior stromal layers. [50] [51] [52] [53] [54] It was also noted that the stromal swelling minimally affects the corneal curvature and it was correlated to a greater extensibility of the cornea after central keratectomy 55 due to the relax- ation of posterior collagen fi bers with the central cornea straining more than the intact cornea in response to the intraocular pressure (IOP). For this reason, the central cornea steepens for a long time after surgery, instead of fl attens, which is what would be expected by severing central lamellae. 56, 57 However, the maintenance of a normal cornea elastic modulus may explain the slow postoperative central steepening without resultant ectasia. 30, 31, 58, 59 Furthermore, no trend toward ectasia after PRK has been reported. 20, 29 The signifi cantly different response of the peripheral cornea in relation to the amount of refractive correction could be related to the different meridional and depthvarying organization of the stromal microstructure and hence to the regional mechanical properties of the cornea. 45, 47, 49, 50, 51, 60 The corneal stroma exhibits unequal elastic modulus and strength distribution from the central to peripheral cornea and this inhomogeneity may account for the reported regional difference in straining to the IOP load. 46, [61] [62] [63] The cutting of collagen fi brils may enhance inhomogeneities in the biomechanics of the corneal stroma. Indeed, it has been experimentally demonstrated that the regional mechanical properties of the cornea may be exaggerated by ablation (ie, an increase in Young's modulus), especially for large myopic correction and wide treatment zone. 7, 55, 61, 64 Hence, the greater thinning of the central cornea may account for an increased susceptibility to the shearing force in the intact posterior lamellae than in the full complement of lamellae, 51, 55, 65 thus making the peripheral corneal radius more infl uenced by the IOP load. The different behavior of the analyzed middle zone of the cornea in relation to the depth of ablation represents a statistical argument in favor of this hypothesis.
Nonetheless, the effect of the stromal scar tissue on corneal deformation is an additional variable that may infl uence the biodynamics of the surgical cornea. 66, 67 It has been demonstrated that anterior corneal regions show recovery of pseudo-lamellar continuity across the wound, whereas the mid-posterior regions were found to be disorganized. For this reason, the stress induced by the IOP may be redistributed in an unpredictable manner along the posterior corneal wall after wound healing, in relation to increasing depths of ablation.
A limitation of our work was the lack of the peripheral corneal thickness measurements, as performed by the scanning-slit topography, to relate the peripheral curvature changes to the pachymetric measurements over the follow-up period. Therefore, a large population of eyes, to reduce the variability of the results due to the corneal response, may additionally determine a power signifi cance of our analysis and hypothesis. Tables 2 and 3 .
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We have presented evidence that the anterior central corneal surface steepened between 1 and 4 years after PRK and long-term curvature changes of the peripheral cornea are related to the amount of refractive correction. However, PRK for the correction of myopia up to Ϫ9.0 D was shown to be a safe and effective refractive procedure with moderate response and minimal changes of the corneal tissue over an extended postoperative period. The measured slight dioptric change of the central anterior cornea may not be signifi cant during clinical examination. Nevertheless, detailed mapping of the long-term corneal changes after surgery may be highly benefi cial in the knowledge of the mechanical properties of the cornea and for developing predictive models to optimize corneal surgery.
